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Introduction
Adverse reproductive effects are frequently reported in aquatic species living within contaminated environments (Tyler et al., 1998) . Chemicals that disrupt hormonal pathways and modulate gene expression can result in deleterious effects throughout the hypothalamuspituitary-gonad-liver axis (Rempel and Schlenk, 2008) . We have previously characterized a population of Atlantic killifish (Fundulus heteroclitus) from the historically polluted Newark Bay, NJ (USA), which exhibit reproductive dysfunction and abnormal biomarker responses indicative of complex endocrine disruption (Bugel et al., 2010 (Bugel et al., , 2011 . Integrated biomarkers are commonly used for ecological risk assessments (Amiard-triquet et al., 2013) . Most biomarkers are physiologically relevant, apical endpoints that respond predictably to single chemicals or simple mixtures (e.g. cytochrome P4501A, metallothionein, vitellogenin). However, environmental exposures typically involve complex mixtures with diverse mechanisms that may result in atypical biomarker responses (Celander, 2011) . Atlantic killifish are a model teleost widely used for comparative ecotoxicological studies pertaining to exposures and effects, adaptations and tolerance, endocrine disruption, and population genetics (Burnett et al., 2007) . In the present study, we used the Newark Bay killifish population as a model to study mechanisms of endocrine disruption associated with chronic exposure to complex mixtures.
Newark Bay and the interconnected greater New York-New Jersey Harbor Estuary have a long history of contamination by PAHs, PCBs, heavy metals, polychlorinated dibenzo-pdioxins and furans, and other emerging chemicals of concern (Panero et al., 2005; Muñoz et al., 2006; Valle et al., 2007) . Reproductively active female killifish from Newark Bay exhibit reduced expression levels of vitellogenin, correlated to reduced fecundity and inhibited vitellogenin-dependent follicular development (Bugel et al., 2010 (Bugel et al., , 2011 . In most oviparous vertebrates (i.e. birds, amphibians, fish, etc.), vitellogenins are hepatically derived phosphoglycolipoprotein precursors to egg yolk proteins that serve as growth substrate during embryogenesis (e.g. amino acids, lipids, sugars) (Arukwe and Goksøyr. 2010) . Vitellogenins are highly expressed during oogenesis, and expression directly correlates with fecundity (Miller et al., 2007; Thorpe et al., 2007) . In Newark Bay killifish, vitellogenin protein levels are much less responsive to induction by 17β-estradiol (E2), relative to a reference population (Bugel et al., 2011) . Thus, a functional desensitization of the vitellogenin pathway likely contributes to the adverse reproductive effects observed in the female population and undermines the use of vitellogenin as a biomarker in males.
Expression of vitellogenin and other estrogen-responsive genes (e.g. choriogenin egg envelope genes) are regulated by 17β-estradiol activation of estrogen receptors (ER), which dimerize and bind to cis-regulatory estrogen-responsive elements to induce transcription (Menuet et al., 2005) . In killifish, three estrogen receptors have been identified (ER α, ER βa, ER βb) , although the exact transcriptional role of each for different estrogen-responsive genes is not yet known (Greytak and Callard, 2007) . In zebrafish, vitellogenin transcription is regulated primarily by ER α, and secondarily by ER βb, with no clear role of ER βa (Griffin et al., 2013) .
Epigenetic mechanisms are also important to vitellogenin gene regulation. When transcriptionally active, during spawning or when challenged with 17β-estradiol, CpG sites in promoters of vitellogenin genes are demethylated to facilitate high levels of induction (Saluz et al., 1988; Strömqvist et al., 2010) . When transcriptionally inactive (i.e. in males or nonspawning females), CpG sites in promoters are methylated to maintain suppressed basal expression (gene silencing). In males, estrogen receptors are functionally expressed and sensitive to low levels of xeno-estrogens. Estrogen-responsive genes (e.g. vitellogenin, choriogenin) in males are therefore commonly used as universal biomarkers for exposures to endocrine disrupting compounds because of relatively low basal expression and high induction levels that can be achieved across a broad dosage range (Sumpter and Jobling, 1995; Lee et al., 2002; Pait and Nelson, 2003) .
Three studies are presented here with the purpose of characterizing the endocrine disrupting effects influencing the transcriptional regulation of estrogen-responsive genes in the chemically impacted Newark Bay population, relative to a reference population from Tuckerton ( Fig. 1) . The first was a challenge study conducted using adult male killifish from Newark Bay and Tuckerton to compare the transcriptional sensitivity of various hepatic reproductive biomarker genes (chg H, chg Hm, chg L, vtg1, vtg2 ) to 17β-estradiol. This dose-response challenge study was used as an integrated endpoint that may be influenced by many potential effects on ER signaling that could result in adverse effects on ER-mediated gene expression. The second study evaluated 17β-estradiol metabolism (hepatic elimination activity) and expression levels for genes involved in nuclear estrogen receptor signaling (ER α, ER βa, ER βb) and E2 metabolism (cyp1a, cyp3a30, mdr) . In the third study, we investigated differential methylation of CpG sites (gene silencing) in vtg promoters and single nucleotide polymorphisms (SNPs) in the promoter of vtg1 as possible explanations for the refractory sensitivity of various genes in Newark Bay killifish. Our overall hypothesis was that Newark Bay killifish are transcriptionally less sensitive to E2, which may correlate with changes in metabolism, receptor expression, or gene promoter methylation and sequence.
Materials and methods

Site selection, animal necropsy and husbandry protocols
All animal husbandry and handling methods were approved by the Rutgers University Animal Rights Committee in accordance with AALAC accreditation and NIH guidelines. Adult killifish (3-10 g, 5-9 cm) were collected and transported to the laboratory to be either sacrificed, or acclimated to laboratory conditions for 1 week prior to studies (20 ppt seawater, 20 ± 1 ℃, 14:10 light:dark photoperiod, ground squid diet). Killifish were collected from two populations in New Jersey, USA (Fig. 1) . The reference population was collected from a relatively pristine site in Tuckerton, NJ (Rutgers University Marine Field Station), and the chemically impacted population was collected from heavily contaminated Newark Bay, NJ (Richard Rutkowski Park, Bayonne, NJ). Animals were euthanized with MS-222 (tricaine methanesulphonate), weighed and measured. Livers were removed, weighed, snap frozen in liquid nitrogen and stored at −80 °C.
Dose-response for 17β-estradiol challenge
The sensitivity of various reproductive hepatic biomarker genes (chg H, chg Hm, chg L, vtg1, vtg2) to mRNA induction by a 17β-estradiol challenge was evaluated in adult male killifish from Tuckerton and Newark Bay (N = 7 per group). Graded doses of 17β-estradiol (≥ 98%, Sigma-Aldrich, St. Louis, MO) were injected intra-peritoneally with 10, 100 and 1000 ng E2/g body weight (parts-per-billion) in corn oil (10 µL/g body weight). These doses were equivalent to 37, 367, and 3671 picomoles E2/g body weight, respectively. Expression was measured in uninjected controls and 17β-estradiol treatment groups 4 days post-injection, the point at which circulating vitellogenin levels are maximally induced by E2 (Pait and Nelson, 2003) . A preliminary E2 challenge study confirmed that 4 days post-injection leads to maximal induction of vtg1 in both populations (data not shown). Expression levels of hepatic genes involved in metabolism and estrogen signaling (cyp1a, cyp3a30, ER α, ER βa, ER βb, mdr) were also measured in uninjected controls and 100 ng E2/g treatment (N = 7 per group). Promoter methylation analysis was performed for vtg1 and vtg2 in the uninjected controls and 100 ng/g 17β-estradiol treatment group (N = 6 per group).
Analysis of mRNA expression by qRT-PCR
Hepatic mRNA expression was evaluated using qRT-PCR methods adapted from Bugel et al. (2011 Bugel et al. ( , 2013 . Briefly, total RNA was isolated from livers using TRIzol® (Invitrogen, Carlsbad, CA), DNAse treated (DNA-free, Ambion, Austin, TX), and reverse transcribed using High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA). qRT-PCR was performed using Applied Biosystems Power SYBR ® Green PCR Master Mix with a
StepOnePlus™ Real-Time PCR System (Applied Biosystems, Foster City, CA). Each gene was analyzed in duplicate and copy number was quantified using standard curves generated with PCR amplicons of each gene. For each gene and sample, expression was normalized using the ratio of the sample's β-actin expression to the population's median β-actin expression. Primers used are listed in Table 1 , and were either developed previously cyp1a, ER α, ER βa, ER βb, vtg1) or newly validated (chg H, chg Hm, chg L, cyp3a30, mdr, vtg2 ) using criteria described by Bugel et al. (2010 Bugel et al. ( , 2011 . DNA methylation was evaluated for CpG sites in the coding strands of vtg1 and vtg2 promoters using direct bisulphite PCR sequencing methods adapted from Lewin et al. (2004) .
Quantitative DNA methylation analysis with bisulphite PCR and direct DNA sequencing
Genomic DNA (gDNA) was isolated from uninjected control and E2-treated animal livers (N = 6 per group per population) using DNeasy Blood & Tissue Kit (Qiagen, Venlo, Netherlands).
Two micrograms of gDNA were converted to bisulphite DNA (bisDNA) using EpiTect Fast (Li and Dahiya, 2002) . Bisulphite PCR amplification was performed with 100 ng bisDNA using Epimark ® Hot Start Taq DNA Polymerase (New England Biolabs, Ipswich, MA). SNP analysis for the vtg1 promoter was performed (N = 12 per population) by PCR amplification of the -920 to +117 region using primers listed in Table 1 with KOD Hot
Start DNA polymerase (EMD Millipore, Billerica, MA). All PCR products were verified for size and specificity using gel electrophoresis, then purified using sodium acetate/ethanol precipitation prior to sequencing. Sequencing Methylation Analysis software (ESME) was used to process *.ab1 sequencing trace files and quantify methylation at each CpG site as previously described (Lewin et al., 2004) .
Using these methods, an example sequencing trace shows that bisulfite conversion is complete for all non-CpG cytosines (Suppl. Fig. S1 ).
Hepatic E2 enzymatic elimination activity in vitro
An in vitro assay was used to measure 17β-estradiol elimination by hepatic S9 protein fractions as a surrogate measure of overall enzymatic activity in Tuckerton and Newark Bay male and female killifish (N = 8 per group). Livers were collected 3 days prior to a full moon, the peak level of circulating 17β-estradiol in females during spawning (Cerdá et al., 1996) .
Livers were homogenized on ice in Assay Buffer (100 mM Tris-HCl, 100 mM NaCl, 1 mM EDTA, 250 mM sucrose, pH 7.6), and centrifuged at 9,000 × g for 20 mins at 4 ℃. Protein concentration of the S9 supernatant was quantified using modified Lowry Protein Assay (Pierce Biotechnology, Rockford, IL) and stored at -80 ℃. Assay Buffer was used to prepare all reagents for the assay in 0.2 mL total, which contained 100 µg S9 protein, 5 µM 17β-estradiol, and 100 mM NADPH (NADPH Regeneration System, Promega, Fitchburg, WI 
Results
Study 1: Evaluation of population differences in the sensitivity of biomarker genes to induction by 17β-estradiol
A challenge study was conducted to investigate population differences in the sensitivity of various reproductive biomarker genes (chg H, chg Hm, chg L, vtg1, vtg2) to graded doses of E2. Male killifish from Tuckerton and Newark Bay were of the same size class and were not significantly different for body and liver weights, and hepatosomatic index ratios (Suppl. Table   1 , N = 28 per population, p ≤ 0.05, Student's t-test). Overall, killifish from both populations responded in a dose-dependent manner, and expression levels were significantly higher than uninjected controls for all doses (Fig. 2 , N = 7 per group, p ≤ 0.05, Two-Way ANOVA). There were no significant differences in basal mRNA expression levels measured in the population control groups for chg H, chg Hm, vtg1, and vtg2. However, control basal expression of chg L was 5.1-fold higher in the Newark Bay population relative to Tuckerton (Fig. 2C) . Although all genes responded to E2 in the Newark Bay population, the magnitude of the gene induction and expression in response to various doses of E2 was lower than that of Tuckerton (Fig. 2) . For example, Newark Bay vtg1 expression levels were significantly lower than those in the Tuckerton population by 8.3-, 4.9-and 3.7-fold at 10, 100, and 1000 ng E2/g (parts-perbillion), respectively (Fig. 2D) . Similarly, vtg2 expression levels in Newark Bay killifish were 9.5-, 3.1-, and 2.2-fold significantly lower than levels in the Tuckerton population at 10, 100
and 1000 ng E2/g, respectively (Fig. 2E) . For chg H, Newark Bay killifish had significantly lower expression levels only at 10 and 100 ng E2/g, while expression for chg Hm and chg L in Newark Bay were only significantly lower for 10 and 1000, but not 100 ng E2/g ( Fig. 2A, 2B and 2C).
In addition to exhibiting significantly differential gene expression when treated with E2, there were major differences in fold induction levels for biomarker genes relative to each population's respective uninjected controls (Table 2 ). For example, at 10 ng E2/g Tuckerton exhibited an 8185-fold induction for vtg1 over Tuckerton control fish, whereas Newark Bay exhibited a 1281-fold induction over Newark Bay control fish. Therefore, Newark Bay induction levels were approximately 6.4-fold lower than those in Tuckerton, corresponding to an 84.4% inhibition of induction. A similarly large inhibition in the Newark Bay population's fold induction was observed in all genes that were differentially expressed when treated with E2 (Table 2) .
Study 2: Hepatic ER signaling and E2 metabolism -analysis of gene expression and enzymatic E2 elimination
To investigate the etiology for the differential gene expression and decreased inducibility of estrogen-responsive genes in the Newark Bay population, we analyzed gene expression for genes involved in estrogen signaling and metabolism, as well as metabolic elimination activity of 17β-estradiol in vitro. First, we tested the hypothesis that expression levels of various genes critical to normal estrogen signaling and steroid metabolism in the liver would be differentially expressed between the Tuckerton and Newark Bay populations in uninjected control and estrogen treatment groups at 4 days post-injection. Using samples from the E2 challenge study (Study 1), expression was analyzed for cyp1a, cyp3a30, ER α, ER βa, ER βb and mdr in animals of the same size and weight class. Overall, basal expressions for all genes were statistically the same between Tuckerton and Newark Bay killifish (Fig. 3 , N = 7 per group, p ≤ 0.05, Two-Way ANOVA). Treatment with 100 ng E2/g significantly altered the expression of two genes (cyp1a and cyp3a30), however, there were no significant differences for treatment expression levels between populations.
We then tested the hypothesis that Newark Bay animals exhibit elevated levels of hepatic 17β-estradiol elimination activity using liver homogenates in an in vitro assay. Male and female killifish collected from Tuckerton and Newark Bay for the E2 metabolism study were of the same size class and did not differ significantly in regards to body weight, body length, and length to body weight ratios (N = 8 per group, p ≤ 0.05, Student's t-test, Suppl. Table 2 ). Enzymatic elimination of E2 in vitro did not differ significantly between killifish from Tuckerton and Newark Bay for either gender, nor between genders within each site (Fig. 4 , N = 8 per group, p ≤ 0.05, Two-Way ANOVA).
Study 3: Analysis of gene methylation and SNPs in vtg promoters
Gene methylation was evaluated in the coding strands for the promoter regions of vtg1 and vtg2 as a potential epigenetic mechanism for the decreased sensitivity of biomarker genes to E2 induction in the Newark Bay population. Prior to DNA methylation analysis, the genomic sequences for both genes were obtained and analyzed for various gene regulatory elements to determine regions of interest. To achieve this, the Mount Desert Island Biological Laboratory
Fundulus Genomics Portal was used to search the sequenced killifish genome (assembly v2b
2013.Mar), and although vtg1
was not yet annotated, vtg2 was found to be annotated on Scaffold72. The Killifish Genome BLAST tool was used to locate vtg1 using the first 1 kb of the complete CDS (GenBank Accession U07055.2). Like vtg2, the first few kilobases of vtg1 were also found on Scaffold72. However, the gene was divided between two unjoined Scaffolds, and the latter half was located on Scaffold812. On Scaffold72, vtg1 was in close proximity to and directly downstream of vtg2 on the same coding strand, a likely result of a gene duplication event (Suppl. Figure S2 ). All exons, introns, ATG start sites, CpG sites, and putative EREs in the promoters were identified for these two genes (Suppl. Fig. S2 ). Neither gene had CpG islands in the promoter regions (2 kb upstream of the ATG start site), although several CpG sites were found in both promoters. Two CpG islands were however found within vtg2, and both in the latter half of the gene. These two CpG islands were unlikely to be important or directly involved in the regulation of transcription for these genes, and therefore they were not chosen as target regions for CpG methylation analysis.
After annotating pertinent gene features for vtg1 and vtg2, DNA methylation was evaluated for CpG sites found in the promoters regions of uninjected control and E2 treated animals from both populations using samples from the E2 challenge study (Study 1). We tested the hypotheses that (1) CpG sites in the promoters of vtg1 and vtg1 would be hypermethylated in Newark Bay animals relative to Tuckerton, and (2) upon treatment with E2, CpG sites would demethylate in Tuckerton killifish, and significantly less so in Newark Bay animals. The regions considered most likely to be important and directly involved in the regulation of vtg transcription were 2 kb upstream and 1 kb downstream relative to the ATG start site (Fig. 5A) . Overall, methylation levels varied greatly between CpG sites, although there were no significant differences between populations or between treatment groups for any specific CpG site tested (Figs. 5B and 5C, N = 6 per group, p ≤ 0.05, Two-Way ANOVA). For vtg1, CpG sites were hypermethylated at the three sites within exon 1 (> 80% methylation), and the three in the distal -1700 nt promoter region (> 90% methylation) (Fig. 5B) . However, the two in the -850 nt promoter region were hypomethylated (< 35% methylation). Similarly for vtg2, CpG sites were hypermethylated at the two CpG sites within intron 1 (> 75% methylation), and the three in the distal -1000 nt promoter region (> 75% methylation) (Fig. 5C ). Those found in the proximal -100 nt promoter region exhibited varying levels of hypomethylation, ranging from 20-45% methylation.
To determine if there were sequence differences in vtg1 in Newark Bay killifish, we sequenced a 1 kb region upstream to the ATG start site that contained promoter regulatory elements such as putative EREs and CpG sites. Twelve single nucleotide polymorphisms (SNPs)
were found in Tuckerton and Newark Bay killifish (Table 3) . However, none were significantly more prevalent in Newark Bay animals relative to Tuckerton (Fisher's Exact Test, p ≤ 0.05).
Additionally, none of the twelve SNPs identified altered sequences of putative EREs or CpG sites (Suppl. Fig. S2 ).
Discussion
In the present studies, we used a set of vitellogenin and choriogenin genes to study anti- Table 2 ). The desensitization of vtg1 and vtg2 to estrogen in our current studies has direct relevance to, and provides a transcriptional basis for, the previously reported reproductive effects and effects on vitellogenin expression in this population. Reproductively active female killifish from Newark Bay exhibit decreased vitellogenin expression levels, which correlates with an inhibition of vitellogenin-dependent growth of oocytes and reduced fecundity (Bugel et al., 2010 (Bugel et al., , 2011 . A similar dose-response study by Bugel et al. (2011) demonstrated that vitellogenin protein levels are also less inducible in this population and have similar magnitudes of inhibition to those reported in our current study. The relevance of the desensitization of choriogenins is not as clear, although we predict similar adverse effects on choriogenin expression and development of the chorionic membrane during folliculogenesis in Newark Bay killifish. The potential ramifications of such a disruption could include adverse effects on embryo viability due to decreased fertilization success and weakened membranes. Laboratory fertilization of killifish gametes demonstrated that embryos from Newark Bay are less viable, although a role for disrupted choriogenesis is not clear (Bugel et al., 2011) . Overall, the anti-estrogenic effect altering the sensitivity of estrogen-responsive hepatic genes does not appear to be specific to any particular gene tested. It is therefore possible that other genes and other aspects of oogenesis are impaired similarly to the vitellogenin-dependent effects.
Vitellogenin biomarker responses in male killifish collected from Newark Bay are atypical and considered false negatives because expression levels in males are not elevated nor induced by sediment extracts (McArdle et al, 2004 , Bugel et al., 2010 , 2011 . This was unexpected due to the presence of estrogenic contaminants throughout the NY-NJ Harbor, including PCBs, bisphenol A, phthalates, and synthetic estrogens (Litten, 2003) . However, naïve male control killifish transplanted into Newark Bay exhibited a strong induction of vitellogenin after 1 month that was later undetectable at 2 months (Bugel et al., 2011) . As a result of this attenuated expression over time, vitellogenin fails as a biomarker for exposure in this population.
Newark Bay is therefore considered an immediately estrogenic environment with anti-estrogenic effects predominating from prolonged exposure. False negatives have been reported in other studies for vitellogenin, which can confound risk assessment and underestimate exposures (Bosker et al., 2010 ). In our current study, chg L (zona radiata, ZP3) was the only significant estrogen-responsive gene found to be basally elevated in the Newark Bay control group (5-fold), relative to the Tuckerton control group (Fig. 2, Table 2 ). Choriogenins, like vitellogenins, can be used as biomarkers of exposure to xeno-estrogens, although vitellogenin is more commonly used (Lee et al., 2002) . All other genes (vtg1, vtg2, chg H, chg Hm) were not significantly elevated in the Newark Bay controls, which suggests that false negatives are more prevalent than previously reported. In this population, the desensitization and disruption of estrogen receptor transcriptional activity prohibits them from being used directly for evaluating exposures, although chg L successfully indicated exposure to estrogenic contaminants. In other species, chg L is more sensitive to estrogen than chg H, and choriogenins in general are more sensitive to estrogen than vitellogenins (Celius et al., 2000; Lee et al., 2002) . These studies taken together suggest that chg L may be a sensitive biomarker that is less prone to false negative responses than vitellogenin. We therefore recommend that future studies measure choriogenin L concomitantly with vitellogenin in environments that may be co-contaminated by estrogenic and anti-estrogenic chemicals to minimize the potential for false negative results.
Many contaminants found in Newark Bay have been shown to inhibit the hepatic 17β-estradiol induction of vitellogenin in vitro, including aryl hydrocarbon receptor (AHR) ligands such as dioxins, furans, PAHs and PCBs (Bemanian et al., 2004; Gräns et al., 2010; Petersen and Tollsfsen, 2012) . These ubiquitous chemicals are found in complex mixtures and exert similar cross-talk inhibition of vitellogenin expression in a number of teleosts, including zebrafish, rainbow trout, sea bass, and goldfish (Anderson et al., 1996b; Vaccaro et al., 2005; Yan et al., 2012; Bugel et al., 2013) . AHR cross-talk inhibition of normal estrogen receptor functions may occur through several distinct mechanisms, including (1) direct competition for xenobiotic response elements (EREs and DREs) in gene promoters, (2) squelching of common cofactors, (3), AHR-dependent induction of inhibitory factors (e.g. miRNAs, inhibitory proteins), (4) proteasomic degradation of estrogen receptors, and (5) modulation of metabolic proteins (e.g. cytochrome P450s, multidrug resistance genes) (Safe and Wormke, 2003; Matthews and Gustafsson, 2006; Ohtake et al., 2008) . Newark Bay killifish highly express Cyp1a protein indicative of elevated AHR activity, and we have previously reported an inverse relationship between Cyp1a and vtg1 expression (Bugel et al., 2010) . The decreased transcriptional sensitivity of many estrogen-responsive genes to 17β-estradiol reported in the current studies is phenotypic of AHR-ER cross-talk inhibition. Abnormally high expression of hepatic cytochrome P450 enzymes and p-glycoproteins (multidrug resistance, mdr) can facilitate elimination of 17β-estradiol and decrease biological activity (Zhu and Conney, 1998; Mathieu et al., 2001 ). However, our current studies found no evidence suggesting that elevated levels of metabolic genes (cyp1a, cyp3a30, mdr) or decreased expression of nuclear estrogen receptors (ER α, ER βa, ER βb) are responsible for the desensitization to estrogen under basal conditions or estrogen treatment (Fig. 3) . Previously, we reported elevated expression levels for cyp1a mRNA and protein in this Newark Bay killifish population (Bugel et al., 2010) . However, in the current study, hepatic cyp1a levels were not elevated, which we believe may be due to the laboratory depuration period (1 week) prior to gene expression analysis. While we did not detect elevated mRNA levels for cyp1a, cyp3a30, or mdr, the protein and activity levels for these genes and others are not known for the current studies. 17β-estradiol metabolism is a complex process and although our gene set was not comprehensive and is limited, we also found no major differences in hepatic elimination rates in vitro (Fig. 4) . Therefore, elevated hepatic metabolism is not expected to play a role in the decreased sensitivity of estrogen-responsive genes. Killifish from Newark Bay exhibit an altered AHR pathway that confers chemical tolerance and resilience to AHR-mediated toxicity (Prince and Cooper, 1995a,b; Nacci et al., 2010) . Refractory phenotypes and altered AHR mechanisms have been characterized in other populations as well, including Elizabeth River (VA) and New Bedford Harbor (MA) (Bello et al., 2001; Whitehead et al., 2011; Clark et al., 2013) . Future studies of chemically impacted fish populations such as these will be useful for exploring the relationship between altered AHR mediated processes and disruption of endocrine pathways.
Genetic mechanisms such as DNA methylation and SNPs are important to geneenvironment interactions and can be useful for elucidating mechanism of toxicity in ecotoxicological studies (Vandegehuchte et al., 2014) . For example, promoter methylation and SNPs have been explored as a mechanism for AHR-mediated resistance reported in various killifish populations (Timme-Laragy et al., 2005; Aluru et al., 2011; Reitzel et al., 2014) . Global epigenome analyses have shown that CpG sites in promoters near transcriptional start sites and other regulatory elements (e.g. estrogen-responsive elements) play important roles in regulating gene expression through hypermethylation and gene silencing (Bird, 2002; Eckhardt et al., 2006) . Using the recently sequenced killifish genome, we identified CpG sites and several putative EREs in promoters of vtg1 and vtg2 (Suppl. Fig. 2 ). However, we found no differential methylation between Newark Bay killifish and the control Tuckerton population for either gene under control or estradiol treated conditions (Fig. 5) . It is therefore unlikely that these CpG sites play direct roles in gene silencing and the desensitization of vtg1 and vtg2 to estrogen in the Newark Bay population. Other intergenic or intragenic CpG sites may be involved, although their importance is increasingly unlikely with distance from the transcriptional start sites.
Interestingly, neither gene was demethylated when treated with a concentration of estrogen that resulted in high induction levels at 4 days post-injection. This may suggest that (1) the sampling time point is too early to detect changes in methylation state, (2) demethylation occurs kinetically slower than maximal mRNA induction, or (3) the methylation responsive CpG site is found elsewhere. Studies in the chicken have demonstrated that CpG sites are demethylated either slower than, or in parallel with, the induction of vitellogenin gene expression (Meijlink et al., 1983; Saluz et al., 1988) . Determining the kinetics of demethylation was beyond the scope of this study. In addition to methylation, we found no evidence for SNPs in the promoter of vtg1 in Newark Bay killifish (Table 3) . Our studies do not support the hypothesis that epigenetic or genetic mechanisms (methylation or SNP) play a role for the desensitization of vtg1 and vtg2 to estrogen in the CpG sites evaluated. In the future, global genome and epigenome analyses with the newly sequenced killifish genome will facilitate these types of studies in a more comprehensive and unbiased fashion for mechanistic ecotoxicological studies.
Conclusions
Reproductive dysfunction and altered biomarker responses in killifish from Newark Bay, NJ, are the result of complex chemical exposures that exert anti-estrogenic effects (e.g. inhibition of vitellogenesis). Overall, we show that multiple estrogen-responsive genes (vtg1, vtg2, chg H, chg Hm, chg L) are transcriptionally desensitized to estrogen in a population of killifish from the chemically impacted Newark Bay compared to killifish of a relatively unpolluted reference site. The refractory transcriptional induction is indicative of a broad effect on global estrogen receptor pathway signaling. This suggests that the mechanism(s) responsible for endocrine disruption is pre-transcriptionally based and likely occurs prior to estrogen receptor transactivation of gene expression. However, our studies did not find a metabolic, genetic or epigenetic mechanism to explain this desensitization. Ultimately, chemicals that modulate gene regulation can result in deleterious effects such as those reported in Newark Bay killifish, which may pose a risk to reproductive function in females and undermines the direct use of exposure biomarkers such as vitellogenin in males (i.e. false negatives).
